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Windbreak Design for Optimum
Wind Erosion Control’

L. J. Hageqi/

Abstract.

Planting windbreaks is a useful wind erosion

control practice, but to obtain best results, three major
factors must be considered in designing a windbreak system:
1) the windbreak, 2) the local winds, and 3) the field to be

protected.

By analyzing these factors, the optimum windbreak

porosity, spacing, orientation, height, and other factors can

be determined for each location.

INTRODUCTION

Windbreaks have long been used to control
wind erosion, but no systematic design proce-
dure is outlined in the literature, for three
reasons: Wind and windbreak data, as compiled,
are not easy to use; some effects of windbreaks
are still not fully understood; and windbreak
systems are generally multipurposed, with ero-
sion control as only one of the uses.

Here, I will quantify some major direct
effects of windbreaks on wind erosion and also
identify some additional indirect benefits.
Three major factors that must be considered in
designing a windbreak system are: 1) windbreak,
2) local winds, and 3) field to be protected.
Each factor will be considered individually.

THE WINDBREAK

The two main effects of windbreaks that aid
in wind erosion control are: 1) they decrease
surface-wind shear stress, and 2) they trap
moving soil. To optimize wind-erosion control,
several variables can be manipulated when de-
signing windbreaks. These include porosity,
porosity distribution, height, width, shape,
resiliency, and seasonal variation in porosity.

Among these variables, windbreak porosity
has the most influence on windspeed reduction
and soil trapping. When surfaces are highly
erodible and the windspeed is above the thres-
hold velocity necessary to initiate particle

l/ Paper presented at the symposium:
"Shelterbelts on the Great Plains", Denver,
Colorado, April 20-22, 1976.

3/ Agricultural Engineer, USDA, ARS, NCR,
Manhattan, Kansas 66506,
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motion, erosion rate is proportional to wind-
speed cubed (Bagnold 1943; Chepil 1945; Zingg
1953). Thus, even modest reductions in wind-
speed cause major reductions in wind erosion
(figs. 1 and 2). Maximum wind and erosion re-
duction extends over a larger leeward area when
windbreak porosity is near 40 percent as com-
pared with a less~-porous windbreak.
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Figure 1. Ratio of shelter to open field wind-

speed (U/U,) and wind erosion (WE/WE,) with
all windspeeds above threshold velocity normal
to a 20-percent-porous windbreak. Windspeeds
measured at 0.12H above the surface.

Skidmore and Woodruff (1968) defined pre-
ponderance as the maximum value of the ratio of
parallel to perpendicular wind erosion forces
obtained by calculating the ratio for every
direction at a location. In locations where
wind-direction preponderance is low or the wind-
break is not oriented normal to the preponderant
direction, wind will often pass through the wind-
break at an oblique angle. Because wind then
travels a longer distance through the windbreak,
the effective windbreak porosity may be less




than that for winds normal to the windbreak,
particularly in multirow windbreaks (van Eimern
et al. 1964). Less land is also needed to
produce a porous than a nonporous windbreak;
thus, it 1is probably the most efficient for
wind erosion control. Hagen and Skidmore
(1971a) have listed probable porosities of

some windbreak species, but more measurements
are needed for additional species.
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Figure 2, Ratio of shelter to open field

windspeed (U/U,) and wind erosion (WE/WE,)
with all windspeeds above threshold velocity
and normal to a 40-percent-porous windbreak.
Windspeeds measured at 0.12H above the sur-
face,

The optimum porosity distribution with
height is still much debated. Rosenberg (1974)
suggested that porosity should decrease with
height in proportion to the logarithmic increase
in windspeed with height. 1In contrast, Raine
(1974) suggested that maximum windspeed reduc-
tion with a minimum use of material should
occur with a windbreak closed at the bottom and
opened to nearly 100 percent porosity at the
top with an overall porosity of 30 percent. He
noted this design would avold concentration of
a region of high shear near the top of the wind-
break, which would quickly diffuse high wind-
speeds back to the surface.

Experiments with uniform porosity slat-
fences showed that a porosity of less than 40~
percent near the fence top caused excess shear
(and turbulence), while low porosity near the
bottom created low pressures which induced a
recirculation zone in the leeward area (Hagen
and Skidmore 1971b). Either of these mechanisms
can probably prevent a maximum area of shelter
in the leeward area. Consequently, it is
doubtful that either the top or bottom of an
optimum windbreak should be of very low poro-
sity.

The horizontal range of windspeed reduc-
tion by a windbreak is proportional to its
height (H) (van Eimern et al 1964). However,
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measurements showed that for similitude between
windbreaks, the ratio H/z, must be similar
because as H/z, increased so did windspeed re-
duction at a given leeward location (Jensen
1954; Raine 1974). (z, 18 open field roughness
length.) Scaling the ratio of H/z, 1s particu-
larly important when wind tunnels are used to
simulate field conditions.

Besides their direct effects on wind ero-
sion, windbreaks also indirectly influence wind
erosion. For example, in many areas windbreaks
trap snow, which increases soil moisture and
prevents freeze-drying of the surface-soil clods
(Bisal and Nielson 1964). Windbreaks decrease
the speed at which surface soil drys after
precipitation, and also enhance vegetative
growth (Skidmore et al. 1974; Rosenberg 1974).
Even the windspeed reduction during rains will
aid in preserving a cloddy surface near wind-
breaks (Lyles, Dickerson, and Schmeidler 1974).

Another useful property of windbreaks 1is
that they trap part of the suspended dust parti-
cles blown into them. Thus, sometimes windbreaks
can be used to significantly improve visibility
and air quality. Honda (1974), who used indus-
trial dusts to test the dust-trapping ability
of 10 plant species, found that individual
plants trapped 35 to 80 percent of the dust;
most species tested trapped 50 to 60 percent.
Consequently, if typically species trap 50
percent of the dust, three rows in a windbreak
would presumably trap 88 percent of the dust
that enters it. Honda (1974) found that trap-
ping efficiency was inversely proportional to
porosity measured by light transmission. Also,
trapping efficiency depended on both leaf and
dust characteristics.

A final, but important, effect of wind-
breaks occurs when they are numerous enough
to increase the overall roughness of the
landscape. Jensen (1954) measured that effect
along two parallel lines extending from the
North Sea to the Baltic coast. Near the North
Sea coast the ratio of surface windspeed to
geostrophic windspeed was 0.38; inland along
the first line, with only a few windbreaks,
the ratio was 0.29. Along the second line,
where there were three times as many windbreaks
as along the first line, the ratio was decreased
to 0.21. Thus, in flat areas, adding several
windbreaks over a large area can significantly
decrease what we often refer to as open-field
windspeed. Further studies are needed on this
effect in the Great Plains, because it could be
of significant value if a government-sponsored
program used incentives to insure relatively
continuous windbreaks over large areas.




THE LOCAL WINDS

Windspeeds above threshold velocity cause
wind erosion at a rate proportional to wind-
speed cubed. To combat this force most effect-
ively, the direction preponderance of the wind
erosion forces and the distribution of the
erosion forces with windspeed during critical
erosion periods must be known. There are
several wind-data sources, many of which are
listed by Lyles (1976).

The preponderance and direction of wind
erosion forces are listed in USDA Handbook No.
346 (Skidmore and Woodruff 1968). The prepon-
derance and direction of the Great Plains wind
erosion forces for March are shown in figure 3.
A preponderance of one indicated no preferred
direction, while a preponderance of two indi-
cates erosion forces are twice as great parallel
with the direction line as normal to it. Ob-
viously, where preponderance is large, wind-
breaks should be oriented normal to the maximum
erosion forces to perform efficiently.

STATION KEY

Figure 3. Map of Great Plains showing station
abbreviation (A); and preponderance of
average March wind erosion forces parallel
to the line through each location (B).
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The windspeed-probability distribution also
affects windbreak performance, as illustrated
in figure 4 for winds normal to a windbreak at
Dodge City, Kansas. In these calculations, I
used the average distribution of south winds
during March and assumed an open field thres-
hold windspeed of 19 mph. Wind erosion at each
speed was assumed proportional to FU3 where F
is fraction of time at which wind was at speed
u.

As shown in figure 4, windspeeds just above
the threshold are most frequent, and thus on
highly erodible soils, they cause the largest
amount of erosion., Where shelter is sufficient,
however, the windspeed 18 reduced below thres-
hold at low speeds, and there 1s erosion only
at the highest windspeeds.
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Figure 4. Calculated effects of windspeed

distribution of southerly March winds at
Dodge City, Kansas on amount of wind erosion
(WE) in various speed ranges compared with
total wind erosion over all speeds (WE ) in
open field and at various distances (H)
leeward of a 40 percent porous barrier.

To evaluate windbreak effects on wind
erosion at a location, both the windspeed and
direction distributions must be considered
simultaneously. To illustrate this, I calcu-
lated the effects of windbreaks oriented east-

west and northeast-southwest during March at

Dodge City, Kansas (fig. 5). We assumed a 40
percent porous windbreak and used an empirical
formula derived earlier (Skidmore and Hagen

1970) to describe windspeed reduction by the
windbreak as follows: U/U, = 0.85 - 4EXP(-0.2H')

+ 4EYP(-0.3H') + 0,0002H'2 where H' equals

H/sin 6, and U/U, is the ratio of shelter to
open field windspeed. (8 is the acute angle
between the windbreak and wind directions, and
sin 8 is given a lower limit of 0.18 as 8
approaches zero.)
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Figure 5. Calculated ratio of shelter to open-field wind erosion for average distributions of

windspeed and wind direction at Dodge City, Kansas, in March.
percent porous windbreaks - one oriented east-west and the other northeast-southwest.

Calculations are for two, 40
A thres-

hold velocity of 19 mph was assumed at anemometer height; the dashed lines indicate estimated

values.

We did not calculate erosion within 8 h of
the windbreak because in that region where
turbulence intensity is high, surface shear
stress and windspeed measurements by cup ane-
mometers are not related by a constant drag
coefficien;ﬁ/. However, wind erosion approaches
zero in the sheltered area where windspeed is
lowest.

Calculated results in figure 5 show that
most of the wind-erosion forces were from the
north at Dodge City. Figure 3 also shows that
the east-west windbreak is normal to the pre~
ponderant wind erosion forces and, thus, should
be most effective. Orienting the windbreak
northeast-gsouthwest increases WE/WE, about 10
percent at most locations within the shelter or,
conversely, reduces windbreak influence by 3 to
4 H, This sharply illustrates the value of
proper windbreak orientation for wind erosion
control,

Field, wind-erosion control practices are
often designed using the "wind erosion equation"”
(Woodruff and Siddoway, 1965). In this equationm,
field width is usually reduced by 10 H to account
for the effect of a windbreak when computing the
potential soil loss. A better design criteria
than the present "10 H-rule" would be to reduce
the field width by the number of windbreak
heights over which open field wind erosion is
reduced at least 50 percent. Such a criterion,
by accounting for differences in windbreak

2/ Unpublished data of Hagen.

porosity and orientation in erosion control
designs, would permit wider windbreak spacing
in good designs. For example, at Dodge City,
erosion was reduced 50 percent at 12 H leeward
for the east-west windbreak (fig. 5). If these
windbreaks were in a series with some shelter
on both sides, then 17 H could be subtracted
from the field width. In contrast, only 13 H
could be subtracted from the field width, 1if
the series of windbreaks were oriented north-
east-southwest.

THE FIELD

The final factor in windbreak design is
the field, on which control practices are
generally designed to reduce field erosion to.
some tolerable level. The field erosion toler-
ance depends on such factors as the crop, depth
of productive soil, laws, and downwind effects
on air quality or drainage ditches. In the
absence of more restrictive constraints, the
Soil Conservation Service often applies a soil-
loss tolerance of 5 T/AC/YR to wind and water
erosion combined. Conservationists usually use
a combination of control practices to control
wind erosion. Here, I will only consider some
general principles applicable to using windbreaks
on fields with various potentials for erosion.

I used the wind-erosion equation to calcu-
late both the effects of low windbreaks (which
only trap the saltating soil) and of 20 ft-tall
windbreaks (which trap soil and provide a
sheltered area of 10 H), The results are shown
in figure 6 for four wide fields in western



Kansag (i.e., climatic factor equal 100) where
the potential erosion ranged from 20 to 200
T/AC/YR,
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Figure 6. Effect of windbreak spacing on poten-

tial annual wind erosion (WE) on four fields
using: (A) very low windbreaks, (B) 20-ft-
tall windbreaks with erosion averaged over
unsheltered part of field, and (C) 20-ft-tall
windbreaks with erosion averaged over entire
field width. WE, is the potential wind ero-
sion without windbreaks on four wide fields.

If the erosion potential is high, say 200
T/AC/YR, then windbreaks must be spaced less
than 1000 ft apart to trap enough moving soil to
begin reducing erosion. If windbreaks alone
must reduce the erosion potential to low levels
in the unsheltered area, they must be spaced 15
to 20 H. Although curve B (fig. 6).is used in
design procedures to insure a tolerable erosion
level in the unsheltered area, it tends to hide
the fact that when erosion is averaged over the
entire area, sheltered and unsheltered, soil los
is reduced substantially, as shown by curve C.
For example, 20-ft-tall windbreaks spaced 600
ft apart reduced soil loss to 60 percent of the
total lost from an open field.

When potential erosion on a field is low
because of adequate vegetation and clods, then
tall windbreaks are not as important because
little soil is usually saved in the sheltered
area. This is i1llustrated by the 20 T/AC/YR
field in figure 6; low windbreaks, at 1000-ft
spacings reduced erosion 45 percent while a
20-ft-tall windbreak reduced erosion only an
additional 11 percent. Before the designer
chooses low windbreaks for a field, however, he
should consider two additional factors. If the
area has some tall windbreaks, then additional
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ones may contribute to roughening the landscape.
Second, a windbreak may be the major wind-erosion
-control method when climatic extremes cause
vegetation and other control methods to fail.

A final step in designing a windbreak
system should be to calculate the amount of soil
which will be trapped by the system. This
should be done to insure that the trapped soil
will not exceed the capacity of small windbreaks
or be incompatible with farming operations near
the windbreak (Hagen, Skidmore, and Dickersom,
1972).
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